Abstract: Gas components, like carbon monoxide (CO) and dioxide (CO 2 ), can be measured on a wet-or dry-basis depending on whether the water is left or removed from the sample before analysis. The dry concentrations of gaseous components in the exhaust from internal combustion engines are converted to wet concentrations with conversion factors based on the combustion products and the fuel properties. Recent CO 2 measurements with portable emissions measurement systems (PEMS) compared to laboratory grade equipment showed differences during the first minutes after engine start. In this study we compared instruments measuring on a dry-and wet-basis using different measuring principles (non-dispersive infrared detection (NDIR) and Fourier-transform infrared spectroscopy (FTIR)) at the exhaust of gasoline, compressed natural gas (CNG), and diesel light-duty and L-category vehicles. The results showed an underestimation of the CO 2 and CO mass emissions up to 13% at cold start when the conversion factor is applied and not direct "wet" measurements are taken, raising concerns about reported CO 2 and CO cold start emissions in some cases. The underestimation was negligible (<1%) for CO 2 when the whole test (20-30 min) was considered, but not for CO (1%-10% underestimation) because the majority of emissions takes place at cold start. Exhaust gas temperature, H 2 O measurements and different expressions of the dry-wet corrections confirmed that the differences are due to condensation at the exhaust pipes and aftertreatment devices when the surface temperatures are lower than the dew point of the exhaust gases. The results of this study help to interpret differences when comparing instruments with different principles of operation at the same location, instruments sampling at different locations, or the same instrument measuring different driving test cycles or at different ambient temperatures (e.g., −7 • C).
Introduction
Road transport is a significant source of air pollution in the European Union (EU) and vehicle emissions regulations try to limit the emission levels [1] . For instance, carbon dioxide (CO 2 ) is a greenhouse gas regulated by the EU with emission limits for vehicles [2] . Exceedance of these limits by the vehicle manufacturers are subject to fines.
The current regulations are traditionally based on measurements of diluted samples from bags filled from a dilution tunnel where the whole exhaust gas is diluted during roller bench tests. However, (Table 1) at two laboratories with different equipment (Table 2) . Figure 1 . Experimental setup. The tests were conducted with various vehicles (Table 2) at two laboratories with different equipment (Table 1) . The vehicles were tested with the recently introduced Worldwide harmonized Light-duty vehicle Test Cycle (WLTC) for type approval in EU. For two-wheelers, the recently introduced Worldwide harmonized Motorcycle Test Cycle (WMTC) was used. Extra cold and hot NEDC (New European Driving Cycle) and WLTC tests were done with the Gasoline Direct Injection (G-DI) and constant speed tests with the Gasoline Port Fuel Injection (G-PFI) #2 vehicles.
The motorcycles were tested at the one axle roller dynamometer Vehicle Emissions Laboratory (VELA 1) of the European Commission-Joint Research Centre in Italy. The light-duty tests were conducted at the two axis roller dynamometer Vehicle Emissions Laboratory (VELA 2). G-PFI #1 was additionally tested at the one-axis roller dynamometer (VELA 1). In all cases laboratory grade analyzers were sampling from the tailpipe in parallel with PEMS or FTIR. The characteristics of the equipment are summarized in Table 1 . All systems used heated lines >90 • C in order to avoid any condensation in their sampling lines.
PEMS A [36] and FTIR measure chemical concentrations on a wet basis, thus they do not apply any dry-wet correction on the original signal. PEMS B and the laboratory grade analyzers of laboratory 1 and 2 measure on a dry basis: PEMS B compensates for the water interference and for Lab1 and Lab2 the dry-wet correction is applied in post-processing.
NDIR analyzers are composed of an infrared source lamp, a sample chamber, and a reference parallel chamber through which the split IR beam is focused, an optical filter to select the wavelength that the molecules absorbs, and a detector. FTIR is composed of an infrared source lamp, a Michelson interferometer as dispersive element, a sample chamber, and a detector. The advantage of the FTIR technique is that the full mid-infrared spectra is acquired, which allows building dedicated multilinear models based on specific wavelength area in which interferences of other compounds (i.e., H 2 O) do not occur.
Theoretical Analysis
The concentrations measured on a dry basis C dry are converted to a wet basis C wet with the dry-wet conversion factor (K d-w ) as:
We found the following formulas to calculate K d-w : according to the RDE test procedure, the ISO (International Organization for Standardization) 8178 standard or based on the H 2 O measurement:
RDE
The formula used in EU light-duty [7] and heavy-duty [6] regulations is:
where
where H a (g water per kg dry air) is the vehicle intake air absolute humidity, C CO2 (%) is the (measured) dry CO 2 concentration, C CO (%) is the (measured) dry CO concentration, a is the molar hydrogen to carbon ratio of the fuel. The H a was provided by the climatic chamber where the vehicles were tested: for the typical testing conditions (23-25 • C and 50%-55% relative humidity), it was in the range 8.7-10.9 g/kg. The a was 1.86 in most gasoline and diesel cases, while 3.85 for CNG.
ISO 8178
ISO 8178-1:2017 [12] is applicable to reciprocating internal combustion engines for mobile, transportable, and stationary use, excluding engines for motor vehicles primarily designed for road use.
where C H2 (%) is the dry H 2 concentration, p r (kPa) is the water pressure after the instrument cooler, p b (kPa) is the total barometric pressure. Their ratio is typically around 0.008.
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From H 2 O Measurements
In the case where measurements are on a wet basis and H 2 O concentrations are available (typical in case of FTIR deployment), C H2O (%), K d-w can be estimated from:
CO 2 Mass Emissions
The mass CO 2 emissions m CO2 (g/s) were calculated from the (wet) concentration of the CO 2 C CO2 (%) and the exhaust gas flow rate q exh (kg/s) according to the EU RDE legislation:
where u is the ratio of the density of the CO 2 and the overall density of the exhaust (0.001517 for diesel B7, 0.001551 for CNG, 0.001518 for gasoline E10) [7] . The exhaust gas flow rate was measured in the laboratory from the difference of the total flow of the dilution tunnel minus the dilution air flow.
Results

Dry-Wet Correction
The K d-w factors with the two basic approaches (H 2 O or CO 2 and CO tailpipe measurements) are plotted for some vehicles in Figure 2 during WLTC and WMTC emission tests (see Section 2) . It can be seen that (i) the factor based on H 2 O measurements is in general smoother than the second-by-second calculation based on CO 2 and CO; (ii) the two expressions based on CO 2 and CO measurements (ISO, RDE) are very close to each other (within 1.5%); (iii) the CO and CO 2 based factor is lower than the H 2 O based factor during the first 30-600 s but then very similar.
where CH2 (%) is the dry H2 concentration, pr (kPa) is the water pressure after the instrument cooler, pb (kPa) is the total barometric pressure. Their ratio is typically around 0.008.
From H2O Measurements
In the case where measurements are on a wet basis and H2O concentrations are available (typical in case of FTIR deployment), CH2O (%), Kd-w can be estimated from:
Kd-w, H2O = 1 − CH2O/100.
CO2 Mass Emissions
The mass CO2 emissions mCO2 (g/s) were calculated from the (wet) concentration of the CO2 CCO2 (%) and the exhaust gas flow rate qexh (kg/s) according to the EU RDE legislation:
where u is the ratio of the density of the CO2 and the overall density of the exhaust (0.001517 for diesel B7, 0.001551 for CNG, 0.001518 for gasoline E10) [7] . The exhaust gas flow rate was measured in the laboratory from the difference of the total flow of the dilution tunnel minus the dilution air flow.
Results
Dry-Wet Correction
The Kd-w factors with the two basic approaches (H2O or CO2 and CO tailpipe measurements) are plotted for some vehicles in Figure 2 during WLTC and WMTC emission tests (see Section 2) . It can be seen that (i) the factor based on H2O measurements is in general smoother than the second-by-second calculation based on CO2 and CO; (ii) the two expressions based on CO2 and CO measurements (ISO, RDE) are very close to each other (within 1.5%); (iii) the CO and CO2 based factor is lower than the H2O based factor during the first 30-600 s but then very similar. There are some cases where the Kd-w,H2O factor drops below 0.8 for a few seconds due to H2O spikes. These spikes appear at spark ignition vehicles when the exhaust gas temperature is close to the dew point and there is a fuel cut-off. We believe that they are true evaporation of water due to There are some cases where the K d-w,H2O factor drops below 0.8 for a few seconds due to H 2 O spikes. These spikes appear at spark ignition vehicles when the exhaust gas temperature is close to the dew point and there is a fuel cut-off. We believe that they are true evaporation of water due to changes of flow (pressure) and temperature when there is an almost equilibrium of evaporation and condensation: the pressure drop lowers the dew point and results in water evaporation. Table 3 summarizes the values of the conversion factors for the start condensation time, i.e., from engine start until the K d-w,H2O curve in Figure 2 crosses the K d-w,RDE curve, and for the rest of the cycle. The ISO factor is not considered because it was not derived for the road vehicles; nevertheless, the results would be similar (within 1.5%). For diesel vehicles the two conversion factor curves meet after 35-45 s and have difference around 5%. The conversion factors of the CNG vehicles at the first 2-3 min have the largest differences of 7%-12%. The conversion factors of the gasoline vehicles differ 5%-7.5%; the difference lasts around 2 min for the two-wheelers and 4-10 min for the passenger cars. The differences become smaller at the rest of the cycle (<3%) but with the opposite trend (results with K d-w,RDE correction higher). Table 3 . Dry-wet conversion factors K d-w for the starting condensation period ("Start") and the rest cycle ("Rest") calculated before and after the "Start time" respectively. "Dev" stands for the relative deviation between the K d-w, H2O and the K d-w,RDE . Vehicles and acronyms as in Table 2 . 
CO 2 Exhaust Measurements
The wet CO 2 concentrations (%) (directly measured or converted with different K d-w factors) are presented in Figure 3 . Only the first 600 s are shown because approximately after the first 600 s the K d-w corrections tend to be similar (within 3%) and thus any CO 2 differences have to do with the accuracy of the CO 2 analyzers (typically better than 2% for the two techniques: NDIR and FTIR, Table 1 ) and less with the K d-w factor. In agreement with the dry-wet correction factor results, there is a big difference at the beginning of the test (5%-10%) (FTIR vs. Lab 2 wet corr.) ( Table 4 ). The difference becomes smaller when the K d-w factor based on H 2 O is used (<2%) (FTIR vs. Lab 2 wet corr. H 2 O). At the rest of the test the differences are ±2% regardless of the conversion factor that is used. Figure 3 , this confirms that the cold start differences discussed so far are neither company, nor instrument, nor laboratory dependent, but have to do with the principle of the measurement (direct wet measurement or corrected). The differences between FTIR and heated NDIR are out of the scope of this study.
Principle of Measurement
accuracy of the CO2 analyzers (typically better than 2% for the two techniques: NDIR and FTIR, Table 2 ) and less with the Kd-w factor. In agreement with the dry-wet correction factor results, there is a big difference at the beginning of the test (5%-10%) (FTIR vs. Lab 2 wet corr.) ( Table 4 ). The difference becomes smaller when the Kd-w factor based on H2O is used (<2%) (FTIR vs. Lab 2 wet corr. H2O). At the rest of the test the differences are ±2% regardless of the conversion factor that is used. Figure 3 , this confirms that the cold start differences discussed so far are neither company, nor instrument, nor laboratory dependent, but have to do with the principle of the measurement (direct wet measurement or corrected). The differences between FTIR and heated NDIR are out of the scope of this study. 
Exhaust Gas Temperature
To further understand the differences, different test cycles were conducted (WLTC or NEDC) with different engine conditions: cold start, hot start (immediately after the cold start test without switching off the engine), warm start (30 min after a cycle). Figure 5 summarizes the results. The H2O 
To further understand the differences, different test cycles were conducted (WLTC or NEDC) with different engine conditions: cold start, hot start (immediately after the cold start test without switching off the engine), warm start (30 min after a cycle). Figure 5 summarizes the results. The H 2 O measurements based on FTIR are different at the beginning of the cycle. They reach similar levels after 250 s for the WLTC and after 850 s for the NEDC. These times correspond to a temperature of the exhaust gas at the sampling location of around 56 • C, which is just above the dew point of the gasoline exhaust gas (53 • C). 
To further understand the differences, different test cycles were conducted (WLTC or NEDC) with different engine conditions: cold start, hot start (immediately after the cold start test without switching off the engine), warm start (30 min after a cycle). Figure 5 summarizes the results. The H2O measurements based on FTIR are different at the beginning of the cycle. They reach similar levels after 250 s for the WLTC and after 850 s for the NEDC. These times correspond to a temperature of the exhaust gas at the sampling location of around 56 °C, which is just above the dew point of the gasoline exhaust gas (53 °C). 
Discussion
The main observation of this study is that during cold start of spark ignition engines, the CO2 concentrations measured on a wet basis or estimated from a dry basis may have large differences. This is the first study to quantify this effect. The differences of the first seconds, which originate from the dry-wet correction, were up to 10% (Figure 3 , Table 4 ). However, for the rest of the test cycle the differences were within experimental uncertainties (±2%). Such comparisons are rare in the literature, even though the engine cold start topic is widely investigated (see Introduction). One study that compared a heated NDIR with the corrected dry laboratory measurement found 7% for a gasoline vehicle, but it was attributed to the heated NDIR water corrections [37] . Another study that compared the FTIR with the laboratory analyzers showed that the differences of the gasoline vehicles were higher than of the diesel vehicles for CO2 [26] .
The differences were not company, laboratory, or instrument dependent (Figure 4 ), but they were principle of measurement dependent, i.e., they were seen only between wet-and dry-based measurements. The various equations for the dry-wet correction factor (e.g., RDE or ISO) had a small difference (Figure 2 ) that could not explain the cold start differences in concentrations. Only using measured H2O the agreement between wet and corrected measurements was good. The conversion 
The main observation of this study is that during cold start of spark ignition engines, the CO 2 concentrations measured on a wet basis or estimated from a dry basis may have large differences. This is the first study to quantify this effect. The differences of the first seconds, which originate from the dry-wet correction, were up to 10% (Figure 3 , Table 4 ). However, for the rest of the test cycle the differences were within experimental uncertainties (±2%). Such comparisons are rare in the literature, even though the engine cold start topic is widely investigated (see Introduction). One study that compared a heated NDIR with the corrected dry laboratory measurement found 7% for a gasoline vehicle, but it was attributed to the heated NDIR water corrections [37] . Another study that compared the FTIR with the laboratory analyzers showed that the differences of the gasoline vehicles were higher than of the diesel vehicles for CO 2 [26] .
The differences were not company, laboratory, or instrument dependent (Figure 4 ), but they were principle of measurement dependent, i.e., they were seen only between wet-and dry-based measurements. The various equations for the dry-wet correction factor (e.g., RDE or ISO) had a small difference (Figure 2 ) that could not explain the cold start differences in concentrations. Only using measured H 2 O the agreement between wet and corrected measurements was good. The conversion factors based on H 2 O or CO 2 and CO had differences 4%-12% for the start of a test cycle, but <3% for the rest of the cycle (Table 3) .
We believe that the differences during the first seconds of a test are due to condensation of water on the cold surfaces of the vehicle exhaust pipes (assuming that the instruments sampling lines are heated). When the surfaces reach the dew point temperature of the exhaust gas, the differences become negligible (as speculated in Figure 5 ). The water condensation at the tailpipe has been observed by some researchers [17, 20] . The low H 2 O concentration at the beginning of a cold start test is something that has been seen [19] , but no special attention has been given as until recently measurements from the tailpipe were not required by the legislation.
In order to further investigate this hypothesis, steady cycles at constant speed points were conducted with G-PFI #2 vehicle starting with cold engine at 23 • C (Figure 6 ). During the first 150 s the FTIR CO 2 concentration was higher than the laboratory corrected CO 2 , indicating water vapor condensation. When the exhaust gas temperature reached 53 • C the two concentrations were similar. For the time period of 150-210 s the exhaust gas temperature remained relatively constant indicating that both condensation and evaporation were taking place. The two CO 2 concentrations continued to be at the same level until the end of the 50 km/h point (exhaust gas temperature <66 • C). When the vehicle accelerated to 100 km/h, the exhaust gas temperature exceeded 100 • C and the FTIR CO 2 concentration was lower than the laboratory corrected CO 2 , indicating evaporation of condensed water and that the K d-w,RDE correction cannot capture it. At the end of the 100 km/h point the two concentrations were at the same level. When the vehicle accelerated to 130 km/h the exhaust gas temperature further increased but the two CO 2 concentrations remained at the same level. This means that the condensed water during the cold start evaporated during the 100 km/h point and no further evaporation took place at 130 km/h. Going back to 50 km/h did not change the differences of the CO 2 concentrations which remained at the same levels. further evaporation took place at 130 km/h. Going back to 50 km/h did not change the differences of the CO2 concentrations which remained at the same levels. Based on the previous discussion, the existing equations which are based on fuel combustion without considering condensation or evaporation cannot capture correctly the first minutes. When the surfaces that the exhaust gas comes into contact exceed the dew point the differences become negligible. The time necessary to reach the dew point depends on various parameters such as ambient temperature, driving cycle, length of tubes (or sampling location), exhaust gas flow rate, fuel composition, etc. It should be emphasized that the differences have to do with condensation taking place at the tailpipe and aftertreatment devices and not with the engine temperature. A warm engine start with tailpipe surface temperatures below the dew point also showed similar (but smaller) effects ( Figure 5 ). On the other hand, a hot engine start with tailpipe surface temperatures above the dew point showed no condensation ( Figure 5 ). Based on the previous discussion, the existing equations which are based on fuel combustion without considering condensation or evaporation cannot capture correctly the first minutes. When the surfaces that the exhaust gas comes into contact exceed the dew point the differences become negligible. The time necessary to reach the dew point depends on various parameters such as ambient temperature, driving cycle, length of tubes (or sampling location), exhaust gas flow rate, fuel composition, etc.
It should be emphasized that the differences have to do with condensation taking place at the tailpipe and aftertreatment devices and not with the engine temperature. A warm engine start with tailpipe surface temperatures below the dew point also showed similar (but smaller) effects ( Figure 5 ). On the other hand, a hot engine start with tailpipe surface temperatures above the dew point showed no condensation ( Figure 5) .
In order to quantify the effect of the condensation in the emissions, the CO 2 mass emissions (g) were calculated as described in Section 3.4 for the start of the cycle ("Start CO 2 " column in Table 5 ) and the complete cycle ("Total CO 2 " column in Table 5 ) using the K d-w,H2O . Then the CO 2 emissions for the start of the cycle were recalculated using the K d-w,RDE and the difference to the Start CO 2 emissions with K d-w,H2O is given as "∆CO 2 " in Table 5 . The difference is negative because the RDE correction is underestimating the CO 2 emissions at the beginning of the cycle. The results are summarized in Table 5 , where also the Emission Factors (EF) of the specific tests are given using the K d-w,H2O (EF CO2 ). The effect of condensation (∆CO 2 /Start CO 2 or ∆CO 2 /Total CO 2 ) is significant for the beginning of the cycle (5%-13%) but almost negligible (diesel vehicles 0.1%) to very small (rest vehicles <1%) for the complete cycle. It should be mentioned that this water will completely evaporate when the temperature exceeds 100 • C and will result in the opposite effect (excess of water and underestimation of the emissions). The net effect during the entire cycle will be close to zero. The same analysis was conducted for CO (Table 6 ). The effect of the correction expression was similar to the CO 2 for the cold start: the values varied from 5% (diesel vehicles, half minute) and 7% (two-wheelers) to 8%-12% (PFIs) and 13% (CNG). The underestimation during the cold start though had a significant contribution to the total CO emissions, starting from 1%-3% for the low CO emitting vehicles and reaching 7%-10% with the CNG fueled vehicles. One of the CNG vehicles had 500 mg/km of CO emissions (half of the Euro 6 limit). The reason that the condensation at cold start remained significant for the full cycle is that CO emissions took place at cold start in most cases [22, 38] . Thus, when the condensed water evaporates, the influence on the CO mass will be small due to the low CO concentrations at the hot part of the cycle. Only for a few cases some recent studies showed high CO emissions at the highway part of a trip [38, 39] .
One more area of interest is the cold start at low ambient temperatures and the laboratory type approval test at low ambient temperatures, the so called Type VI test [40] . It has been discussed to include a WLTC at −7 • C in the Regulation in future. A few tests at this temperature with Diesel #2 and G-PFI #2 showed that the additional CO 2 underestimation is 5-10 g. The exact quantification is difficult because also the combustion and the exhaust gas recirculation strategy change and the tests at the two temperatures are not completely comparable. The results of this study (Table 4 for concentrations or Table 5 for mass emissions) can be used to correct the emissions during the engine cold start period even when no direct "wet" measurement was taken.
Finally, our results can be used to correct "dry" concentrations after the engine cold start period with the following multiplicative correction factors: diesel 0.94, gasoline (including two-wheelers) 0.86, CNG 0.80 ( Table 3 ). Instruments that need such corrections include for instance simplified on-board emissions monitoring systems (SEMS) [41] or garage analyzers that are used for on-road testing [42] .
Implications and Outlook
The implications of water condensation at cold engine start touch many areas of research in the engine and automotive fields:
• Cold start CO 2 and CO emissions, either as absolute value or as contribution to total emissions can be underestimated.
•
Comparisons of instrument measuring on dry-or wet-based methodology at the same location: this is the case, for example, of comparison of PEMS or FTIR systems with laboratory grade analyzers for gases that are measured with analyzers that have interference effects from water (CO 2 and CO).
Comparison of instruments at different sampling locations: differences can be observed due to condensation between the two locations. This is the case of tailpipe versus dilution tunnel with constant volume sampling (CVS) sampling.
Comparison (validation) of PEMS with bags measurement if done in phases (at the moment the comparison is done for the complete cycle).
Comparisons of different test cycles with the same instrument. The condensation takes place until the tailpipe and aftertreatment devices reach the dew point. However, this depends on the test parameters. As an example, the WLTC needed 250 s, while the NEDC 850 s to reach the dew point at the exit of the tailpipe.
Comparisons of tests with different ambient relative humidity, because the amount of stored water in the aftertreatment devices could be different. For example, porous, honeycomb ceramic substrates such as those commonly used in diesel and gasoline particulate filters can store water at relatively high levels (up to 100 g/L under worst case conditions at 85 • C and 85% relative humidity) [43] .
• Estimation of exhaust flow rate based on CO 2 (or CO) measurements (e.g., the tracer method) or fuel consumption and air-to-fuel ratio.
It should be added that the condensation effect will be higher with the increasing adoption of engine stop-start technologies, vehicle hybridization, and improvements in engine efficiencies, which all contribute to lower exhaust temperatures.
Conclusions
In this study we compared CO and CO 2 emissions from instruments measuring on a dry-and wet-basis using different measuring principles at the exhaust of gasoline, compressed natural gas (CNG), and diesel light-duty and L-category vehicles. The dry concentrations were converted to wet by applying formulas given in the regulation or based on H 2 O measurements.
At the beginning of a cold start test, when the exhaust gas temperature was below the dew point (i.e., 53 • C for gasoline vehicles) condensation at the unheated exhaust pipes took place. The condensation lasted 2-3 min for spark-ignition vehicles, but only half a minute for compression ignition vehicles. The duration depended on the ambient temperature and the test cycle. For the New European Driving Cycle it lasted almost 15 min for a gasoline vehicle. The condensation resulted in 5%-13% underestimation of the CO 2 concentrations and emissions using a dry-wet correction factor. The effect was almost indistinguishable (<1%) from experimental uncertainties when considering the whole test cycles (20-30 min) . It remained important for CO (10%) for the vehicles since the majority of CO emissions took place during the cold start period. 
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